Abstract. At medium-and high-head hydropower plants (HPPs) on sediment-laden rivers, hydro-abrasive erosion on hydraulic turbines is a major economic issue. For optimization of such HPPs, there is an interest in equations to predict erosion depths. Such a semi-empirical equation suitable for engineering practice is proposed in the relevant guideline of the International Electrotechnical Commission (IEC 62364). However, for Pelton turbines no numerical values of the model's calibration parameters have been available yet. In the scope of a research project at the high-head HPP Fieschertal, Switzerland, the particle load and the erosion on the buckets of two hard-coated 32 MW-Pelton runners have been measured since 2012. Based on three years of field data, the numerical values of a group of calibration parameters of the IEC erosion model were determined for five application cases: (i) reduction of splitter height, (ii) increase of splitter width and (iii) increase of cut-out depth due to erosion of mainly base material, as well as erosion of coating on (iv) the splitter crests and (v) inside the buckets. Further laboratory and field investigations are recommended to quantify the effects of individual parameters as well as to improve, generalize and validate erosion models for uncoated and coated Pelton turbines.
Introduction
At medium-and high-head hydropower plants (HPPs) operated on sediment-laden rivers, turbine parts are subject to hydro-abrasive erosion. This causes high maintenance costs, and reduces turbine efficiency, electricity generation and revenues. As a basis for adequate countermeasures and optimizations in the design, operation and maintenance of such HPPs, the knowledge on hydro-abrasive erosion and its consequences needs to be improved. To this end, the Laboratory of Hydraulics, Hydrology and Glaciology (VAW) of ETH Zürich and the Competence Center for Fluid Mechanics and Hydro Machines (CC FMHM) of Hochschule Luzern, Switzerland, initiated an interdisciplinary research project.
In this project, sediment load, erosion on Pelton turbine runners and turbine efficiency changes have been measured and analyzed since 2012 at the high-head HPP Fieschertal in Valais, Switzerland. This run-of-river HPP with a design discharge of 15 m 3 /s and a gross head of 520 m is equipped with two horizontal 32 MW Pelton turbines [1] . The water used in this HPP originates from a glaciated catchment and is known for relatively high suspended sediment concentration (SSC), i.e. SSC = 0.5 g/l on average, rising several times a year above 5 g/l. The injectors and the inner sides of the runner buckets are hard-coated with thermally sprayed tungsten carbide in a cobalt-chrome-matrix (WCCoCr). The coating contributes to reduce the extent of erosion, but does not fully prevent the erosion of the base material. In each winter, damaged splitters and cut-outs are rounded by grinding if required and these zones are re-coated on-site. The Suspended Sediment Loads (SSL) and the so-called Particle Loads (PL) of the turbines in this HPP in the years 2012 to 2014 were quantified and presented in [2] . The turbine erosion in the corresponding period was also quantified and is treated in [3] .
The present paper deals with the application of an equation to predict erosion depth, i.e. a semiempirical erosion model, proposed by the relevant guideline of the International Electrotechnical Commission (IEC 62364, Edition 1, 2013) [4] . Frist, the processes causing hydro-abrasive erosion and the IEC model are described with focus on Pelton turbines. Then the model is applied to the data set of the HPP Fieschertal and the numerical values of a group of previously unknown model parameters are determined for five application cases to calibrate the model as far as possible. Finally, the results are discussed and recommendations on improvements of erosion prediction models for uncoated and coated Pelton turbines are given.
Hydro-abrasive erosion

Terminology and erosion mechanisms
Hydro-abrasion is a process causing material removal from a surface by the action of solid particles contained in flowing water (three-phase system). It is also described as a gradual alteration in state and shape of surfaces in contact with a particle-laden flow [5] . Hydro-abrasion is one of several processes causing erosion. In the field of hydro machines, also the combined terms 'abrasive erosion' [5] or 'hydro-abrasive erosion' are used [4] . The latter term is adopted in the present study.
Commonly, two erosion mechanisms are distinguished, mainly depending on the angle of attack α, i.e. the angle between the trajectories of the approaching particles and the surface (figure 1a) [6] [7] :
• Cutting of surface material due to sliding or impingement of particles at low α ('cutting erosion')
• Repeated plastic deformation of surface material and/or crack formation due to particle impacts at higher α, leading to breaking loose of material pieces ('deformation erosion') For ductile materials, the erosion rate is usually highest between α ≈ 20° and 40° (figure 1b). For brittle materials however, the erosion rate is highest at α ≈ 90° and decreases pronouncedly with smaller α [6] [7] . While steel is typically ductile, hard-coatings (cermets) show brittle behaviour.
As a consequence of surface shape degradation due to hydro-abrasive erosion, cavitation may occur, which in turn may increase erosion (synergistic effect [4] ). This complex interaction is not covered in the IEC erosion model [4] and is beyond the scope of the present study.
Typical conditions in Pelton turbines
In the turbine water of high-head HPPs, the mineral particles are typically smaller than 300 µm, because coarser particles are mostly excluded by upstream reservoirs or sand traps. Typically, most Figure 1 . Schematic representations of a) two erosion mechanisms and b) typical erosion rates as a function of the angle of attack α for ductile and brittle materials, respectively [8] .
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Angle of attack α [°] particles are in the size range of silt (2 -63 µm); particles in the size range of fine or medium sand are less frequent. The particles in the turbine water are generally transported in suspension and their velocity is similar to the flow velocity. The highest velocities and accelerations occur in high-head Pelton turbines: for instance, at a head of 500 m, the relative velocity of the particle-laden flow in relation to turbine parts is 100 m/s at injectors (nozzles) and 50 m/s in a runner bucket. During the redirection of the flow in the two halves of a Pelton bucket for example, the acceleration normal to the bucket surface corresponds to typically several 10 000 times the gravitational acceleration. Such acceleration normal to the main flow direction drives particles generally outwards, leading to higher SSC close to convex surfaces, higher impingement rate and sliding of particles. The erosion inside Pelton buckets is due to the first mechanism mentioned above [9] . The second mechanism occurs typically on the splitter crests and the leading edges in the cut-outs, where α is high. These zones of Pelton buckets are particularly prone to erosion.
Erosion prediction
Many equations for the prediction of erosion have been developed since decades based on analytical considerations and laboratory tests, and numerical simulation methods have been increasingly used [10] . A major difficulty is to link the processes at the microscopic level to macroscopic models [11] . For engineering applications, there is an interest in easily applicable equations. Such semi-empirical equations comprise typically some calibration parameters and are limited to specific applications.
IEC erosion model for hydraulic turbines
Equation for the erosion rate
A working group of IEC formulated a concept for the modeling of hydro-abrasive erosion on hydraulic turbines for applied engineering purposes [12] . This concept and general design recommendations have been published in the IEC guideline 62364 [4] . It gives a factorized equation for the absolute erosion rate, considering the following parameters: , d50 is the median size of graded particles which is not exceeded by 50% of the particle mass; kshape Coefficient for particle shape [-] , IEC suggests kshape = 1 for rounded or 2 for angular; khardness Coefficient for particle hardness with respect to the hardness of the surface material [-] , IEC suggest to take the mass fraction of particles harder than the surface material.
Note 1: Numerical values for Kf and p are given in IEC for five locations (parts) within uncoated Francis turbines. These values resulted from a statistical evaluation of field data of up to seven HPPs, mainly in China. For Pelton turbines, no such values are given in IEC due to scarcity of field data.
Integration over time and the concept of Particle Load (PL)
To obtain the erosion depth Δde over a time interval Δt, equation (1) is multiplied by Δt. The erosion depths in the time intervals since the start time t0 until the time t are summed up to obtain the cumulated erosion depth de(t) as follows:
The time step number is denoted as i. The parameters Kf, RS, p, Km, w and x are constant or are assumed to be constant. The integral of the particle-related factors over the exposure period is called 'particle load' (PL). PL(t) reflects the cumulated erosion potential of the particles passing through a turbine as a function of t since t0. PL has units of
. In contrast to SSL, the PL is not a function of the discharge and does not depend on the turbine's size. In equations (1) and (2), the erosion depth is modelled to be proportional to SSC and the exposure time. Thus, the same erosion depth is expected when a turbine runs e.g. for 1000 h at 0.5 g/l or for 100 h at 5 g/l (with the same particle properties), and the PL is the same in both cases.
Adaptation of the PL for Pelton runners
In contrast to reaction turbines or injectors of Pelton turbines, the erosion on a Pelton bucket takes place during only a part of the operation time (intermittent process). The erosion on a bucket decreases proportionally to the number of buckets z2 because of the shorter exposure time per bucket. On the contrary, the erosion increases approximately proportional to the number of injectors (nozzles) z0 because more buckets are simultaneously in contact with the sediment-laden water. The effects of z0 and z2 on the erosion rate or depth are stated in [13] (published in [14] ) and are included in the socalled 'reference model' for Pelton turbines in the guideline [4] . To account for these effects, an adapted PL is introduced here:
The use of PLb allows meaningful comparisons of the erosion potential on buckets between Pelton turbines with different numbers of nozzles and buckets.
Application and partial calibration of the IEC erosion model
Available erosion data and geometrical definitions
From the erosion measurements on the two machine groups (MGs) of the HPP Fieschertal, the following data are available from the years 2012 to 2014: (i) geometrical changes (in the range of mm) at the splitter crests and at the leading edges of the cut-outs of the runner buckets, where the coating was locally or systematically removed during sediment seasons with medium or high SSL (figure 2), and (ii) slight reductions of coating thicknesses (in the range of 10 µm) inside the buckets. The erosion on the nozzles was not monitored. To quantify the erosion on the splitter crests and on the leading edges of the cut-outs, the geometrical definitions shown in figure 3 were introduced. The width s of an eroded splitter can easily be measured (e.g. with a ruler) if the splitter is flat on top and has sharp edges. The selected definition of s using the slopes of tangents [15] allows to determine s also if the splitter crest is unevenly eroded or rounded (e.g. due to grinding). The splitter width s is considered as an important indicator of the erosion status of a runner [16] [17] . The values of s and h are the maximum values along the splitter of a bucket. The cut-out depth d is the maximum value within the cut-outs of a bucket.
From the repeated measurements of these quantities at buckets no. 1 and 2 of each runner [3] , the reduction of splitter height Δh, increase of splitter width Δs and increase of cut-out depth Δd were determined for each runner and each sediment season. 
Known values of model parameters
As a preparation for the application of the described erosion model, known parameter values are summarized in this section. In Pelton turbines, the jet velocity and thus the relative velocity at the injector is winj = (2ghn) 5 where hn is the net head and g is the gravitational acceleration. For the HPP Fieschertal, the net head varies between 499 and 515 m. With the time-averaged net head of 510 m, winj ≈ 100 m/s. The relative velocity w between the jet and the buckets is half of the jet velocity, thus w = 50 m/s. IEC suggests a velocity exponent of x = 3.4 without specifying the turbine type and indicates a range between 2 and 4. For Pelton splitters, 2.8 ≤ x ≤ 3 was found in laboratory tests [18] . In the present study, x = 3 was adopted, corresponding to [13] and other studies. Thus w x = 125'000 m 3 /s 3 . Each turbine of HPP Fieschertal has two injectors (z0 = 2) and each runner has 20 buckets (z2 = 20) with an inner width B = RS = 0.65 m. The PL(t) for each turbine (MG) were determined based on the operating hours and the measured time series of the SSC and the median particle size d50. To do so, ksize was determined as a function of the actual d50, as described in the definition of the variables of equation (1) . The coefficient ksize is a linear function of d50 with ksize = 1 at d50 = 1000 µm. For HPP Fieschertal, the temporal average of the ksizevalues during the three years was 0.033. The coefficients khardness = 0.75 and kshape = 2 were assumed to be constant over time (properties of the catchment area) [2] .
The PL obtained with ksize according to IEC used in the present paper are on temporal average 30 times smaller than the PL obtained with ksize = 1 also reported in [2] . This recalls that the definition of ksize = f (d50) is important for the determination of the PL. 
Identification of unknown parameters
For the application of equation (2) at Pelton buckets, PL was replaced by PLb according to equation (3) . For HPP Fieschertal, the PLb-values are ten times smaller than the PL-values because of z0 / z2 = 0.1. The parameters de, w x , PLb and RS are known. Km is known for the base material (Km = 1 by definition), but is unknown for the coating. In order to obtain an equation applicable to erosion of coating and/or base material, Km was treated as a generally unknown parameter. Kf and p are unknown. The equation was solved for the unknown parameters. This group of parameters was denoted as C:
for HPP Fieschertal = 1 125 000
Model application cases
In the following, the erosion model in the form of equation (5) is applied to the following cases: i. Decrease of splitter height Δh ii. Increase of splitter width Δs iii. Increase of cut-out depth Δd iv. Decrease of coating thickness inside the buckets Δc v. Decrease of coating thickness on the splitter crests (Δh within the coating) The IEC model was developed for the estimation of erosion depths on plane or moderately curved surfaces, as in case (iv). Applying such a model to geometrical changes at splitter crests or in cut-outs, as in the other four cases, corresponds to an extension of the original range of application, but is considered to be useful in practice. Δh, Δd and Δc are erosion depths because they are measured approximately in the directions of the erosion. However, Δs is not an erosion depth but a geometrical quantity depending on Δh, the cross-sectional shape of the splitter and the initial splitter width.
Geometrical changes due to erosion at splitters and cut-outs
The Δh, Δs and Δd obtained from the measurements are shown in figures 4a, b and c, respectively, as a function of the PLb. Approximate SSL per turbine, as determined in [2] , are also indicated on the top axes for comparison. It has been shown in [2] for the HPP Fieschertal that PL and SSL are approximately proportional over longer time spans such as at least one year. The absolute values of the geometrical changes are given on the left ordinates, whereas the relative geometrical changes (normalized with the inner bucket width B = 0.65 m) are given on the right ordinates of figures 4a, b and c. In 2014, the PLb of both MGs were almost the same and no significant geometrical changes were measured (circular markers on top of each other). The data points in figures 4a, b and c show a similar pattern, indicating a systematic dependency of Δh, Δs and Δd on PLb.
To determine the C-values in equation (5) for each of the three cases (de = Δh, Δs or Δd), linear least squares regressions were made on the data points shown in figure 4 . In a first step, linear relations passing through the origins of the axes (denoted as 'Fit type 1') were selected, shown with dashed lines. The obtained C-and the R 2 -values are listed in the second column of table 1. The investigated buckets were fully coated at the beginnings of the seasons (either factory coating or on-site re-coating). According to figure 4 , the systematic erosion of base material at the splitter crests and the leading edges of the cut-outs began only after a certain PLb. This threshold value was denoted as PLb,0. The erosion process at the splitters and the leading edges of cut-outs can thus be divided in two stages: erosion of (1) mainly coating material and (2) mainly base material at a higher rate. According to unconstrained linear fits (denoted as 'Fit type 2', solid lines), the second stage of erosion began after PLb,0 ≈ 4.1 [h • g/l]. These lines fit significantly better to the data, i.e. the R 2 are higher than those of the constrained fits. The C-values resulting from the unconstrained fits are also listed in table 1. Note that these C-values refer to only the second stage of erosion, i.e. to PLb,2 = PLb -PLb,0. The C-value for Δs is less than half of that for Δh due to geometrical reasons (the flanks of the splitter are relatively steep). The C-values for Δd and Δh are similar. 
Erosion of the coating in the buckets
In contrast to the three previous application cases, the following two cases deal with the erosion of coating material only. The hardness of WC-CoCr-coatings (approx. 1200 HV) is similar to that of quartz (Mohs' hardness 7). In the water of HPP Fieschertal, no minerals harder than quartz were detected. According to the definition of the parameters in equation (1), this would lead to khardness = 0 with respect to the coating and thus PLb = 0. In order to keep non-zero PLb-values and for comparability, the value of khardness = 0.75 (determined with respect to the base material) was also used in cases with erosion of the coating material.
Regarding erosion of coating in the buckets, two data points are available from the detailed templatebased measurements before and after the sediment seasons initiated in spring 2013: the coating thickness in the buckets of MG 1 was reduced by 10 µm and 4 µm in the sediment seasons 2013 and 2014, respectively [3] . These are average values over the surfaces inside buckets no. 1 and 2. With an uncertainty of ± 5 µm, the coating thickness reduction measured in 2014 lies within the band of uncertainty. From these two data points, the following approximate C-value was obtained:
Erosion of coating in buckets
It should be noted that this value has a higher relative uncertainty than the C-values in section 4.5. However, the higher relative uncertainty is of no concern for practical application, because the erosion of the coating in the buckets in two years without a major flood was small and is not decisive for the times between overhauls.
Erosion of the coating on the splitter crests
The analysis in section 4.5 showed that the coating on the splitter crests was systematically eroded after a PLb,0 ≈ 4.1 [h • g/l]. Note that this value is based on khardness = 0.75, as explained in the previous section. With the coating thickness meter used in this study [3] , it was not possible to measure the coating thicknesses on the splitter crests for geometrical reasons. Assuming an initial coating thickness of 300 to 500 µm and a homogeneous and linear erosion on the splitter crest, the following approximate C-value results:
Erosion of coating on splitter crests C ≈ (0.6 to 1) • 10
The C-value and the erosion rate of the coating on the splitter crests are thus about 60 to 100 times higher than in the buckets. This is mainly attributed to the effect of the angle of attack α on the erosion rate of brittle material, i.e. higher erosion at high α (figure 1).
Discussion
C-values
Various C-values were determined in the previous subsections for five different cases. C involves the parameters Kf, RS p and Km (equation 5). In the following, it is discussed whether it is possible to determine the values of some of these parameters based on the presented data set.
RS is known (0.65 m), but p is unknown. During the second stage of erosion, i.e. erosion of mainly base material, the coefficient for the properties of the eroded material is known by definition, Km = 1. Thus, the values of the ratio Kf / RS p are known for the cases (i) to (iii) during the erosion of the base material. From the presented data set, the exponent p, i.e. the effect of the turbine reference size RS on the erosion cannot be determined, because runners with only one size have been investigated.
Assuming that Δh, Δs and Δd do not significantly depend on RS, i.e. p ≈ 0 and thus RS p ≈ 1, the Kfvalues for the erosion of the base material correspond to the obtained C-values in the last column of table 1. Further measurements are required to investigate whether the slight difference in Kf for Δh and Δd is systematic (e.g. due to effects of the flow patterns and the profile shapes) or random, i.e. lies within the band of uncertainty.
The comparison of the C-values for erosion on the splitter crests in the base material (Δh in the second stage of erosion, 7.8 • 10 -6 , table 1) and in the coating material (≈ 0.6 to 1 • 10 -6 in the same units) shows that the Km-value for the coating is lower than that of the base material, as expected. The factor between the C-values of these two cases (both with high α) is about 10 (with the same khardnessvalues for both erosion of the coating and the base material).
Further measurements on buckets differing in size and with/without coating are required to further investigate the values of p, Km and Kf for various cases.
Erosion of the coating in the buckets
During the years 2013 and 2014, the area-averaged erosion depths of the coating in the buckets (4 µm and 10 µm) were small compared to the initial coating thicknesses of 300 µm to 500 µm, and the erosion of coating material in the buckets was of no concern in these years.
In 2012 however, considerably more coating material was eroded in the buckets of the runner in MG 2: in the bottom region of some buckets, towards the bucket root, the coating was completely removed. In the vicinity of these zones, coating thicknesses of 50 µm to 100 µm were measured when the runner was taken out of operation after the major flood of July 2012 [3] . In the buckets of the runner in MG 1, however, no zones with totally eroded coating were observed after the major flood event, and the remaining coating thickness in the buckets was sufficient to use this runner for at least another three years. The considerable erosion inside the buckets of MG 2 in 2012 was probably related to the relatively wide and blunt splitters (s = 8 to 10 mm) which caused a disturbed flow field and could have induced cavitation as a secondary or combined damage mechanism. Local complete erosion of hard-coating in the bottom region of buckets was also observed in other studies [17] .
Conclusions
The model for hydro-abrasive erosion proposed in the IEC guideline 62364 [4] with the concept of PL was summarized focusing on Pelton turbines. Based on sediment and erosion data acquired in the years 2012 to 2014 in the HPP Fieschertal, the numerical values C of a group of model calibration parameters were determined for five application cases: (i) reduction of splitter height Δh, (ii) increase of splitter width Δs, and (iii) increase of cut-out depth Δd mainly due to erosion of base material, as well as erosion of coating (iv) on the splitter crests and (v) inside the buckets.
Two stages of erosion at splitters and cut-outs were distinguished: Firstly the erosion of mainly coating, and secondly the erosion of mainly base material at a higher rate. The PL until the beginning of the second stage was quantified. C-values for Δh, Δs and Δd in the second stage were obtained from unconstrained linear fits. The C-values for the erosion of the coating on the splitters and inside the buckets confirm that the coating material has a much higher resistance to erosion than the base material. In particular, the C-value for the erosion of coating in the buckets is very low, proving that the coating is highly resistant to solid particle erosion if the angle of attack is low and there is no cavitation.
In field investigations, the parameters cannot be varied individually and systematically, and erosion depths cannot be measured frequently at most HPPs. The present study is based on three years of measurements in one HPP, i.e. the data set is limited and refers to a single bucket width (turbine size). Thus, it is not possible to determine the value of each model calibration parameter. However, with the definition of the C-value, it was possible to partly calibrate the erosion model and making it applicable. Care should be taken when applying the determined C-values to other HPPs, since the effects of some parameters have not been investigated yet, and the range of validity and the uncertainty of the calculated erosion depths are not yet quantified.
Outlook
In the described model, the factors ksize, Kf and p are the most challenging to quantify since they depend on many factors such as turbine type, location inside the turbine, flow pattern, angle of attack, radius of curvature and others. Further investigations by means of analytical considerations, laboratory tests, comprehensive measurements at further HPPs and numerical simulations are recommended. Additional laboratory and field data are required to (i) enlarge the data base especially for Pelton tubines, (ii) calibrate and validate semi-empirical equations and numerical models, (iii) extend and demonstrate the application range, and (iv) quantify the uncertainty of such models. For the further development of erosion models for uncoated and coated Pelton runners it is recommended to:
-Investigate the erosion processes of both the coating and the base material; -Extend the models to four material phases: water, solid particles, base material and coating; -Investigate the effect of turbine reference size (RS p ) and particle size (ksize) on erosion; -Consider the effect of initial splitter width, in particular with respect to secondary damages; -Investigate and consider non-linear effects in damage progression.
